The cytosolic glutathione S-transferase isoenzymes in the dog kidney cortex as compared with the corresponding MDCK renal cell line  by Bohets, Hilde H. et al.
ELSEVIER Biochimica et Biophysica Acta 131 I ( L996l t~3-101 
The cytosolic glutathione S-transferase isoenzymes in the dog kidney 
cortex as compared with the corresponding MDCK renal cell line 
Hilde H. Bohets a,b,I Etienne J. Nouwen b Marc E. De Broe h Paul I. Dierickx a.- 
i.H.E., t~fdeling To.~i~<,h,gie. J. ~Vvtsman.~traat 14.B-1050 Brussel. Belgium 
h UZA-UIA, D e~ ~t Ne roloeie-Hvperte~l~ie W Irijksrr~l,l! !0. B.2650 Edegera. Belgium 
Received 21 August 1995: revised 17 No~ember 1995: accepted 22 November 1995 
Abstract 
Cytosolic glutathione S-translerase (GST) (EC 2.5.1.18) isoenzymes of dog kidney and MDCK (an established dog renal cell line) 
were purified and studied. Specific GST activity was 248 and 317 nmol/min/mg protein, for dog and MDCK• respectively. Cytosolic 
GST was only partially purified by glutathione affinity chromatography, a substantial mount (43% and 84% for dog kidney and MDCK, 
respectively) of the GST activity was found in the flow-through fraction. Affinity bound GST was separated into 6 and 3 isoenzymes by 
anionic chromatofocusing for dog and MDCK+ respectively. Flow-through GST was purified by gel filtration• anion exchange 
chromatography and anionic hromatofocusing showing only one GST isoenzyme, with distinct features from the affinity bound GST, for 
both dog and MDCK. The isoenzymes were characterized by their kinetic properties, subunit composition, specific substrates and 
inhibitors and immunoblot. The major dog GSTs (D1L DIV and DVI) correspond to the MDCK isoenzymes (MI. Mll and Mill). 
Comparable p I values, a comparable affinity towards GSH and comparable s nsitivities towards the inhibitors N-ethylmaleimide (NEM), 
triphenyltin chloride, cibacron blue and hematin were observed for the corresponding isoenzymes: Dll and MI, DIV and Mil, DVI and 
Mill. Co-electrophoresis showed that the subunit composition was identical for DII and MI+ and for DIV and MIi. Inhibitor and substrate 
sensitivities showed that the affinity bound GSTs belong to class pi and mu+ the presence of class pi was confirmed by immunoblot 
analysis. One homodimeric GST isoenzyme was observed in the dog kidney and MDCK flow-through. Both dog and MDCK isoenzyme 
have a nearly neutral pl, a high affinity towards CDNB and an equal sensitivity towards tdphenyltin chloride, cibacmn blue and hematin. 
However, based on inhibitor studies and immunoblot, his isoenzyme could not be attributed to an identified GST class. The overall 
isoenzyme ~.attem of dog and MDCK affinity bound and flow through GST is comparable. The dog and MDCK affinity bound GSTs 
have similar characteristics and all belong to class mu or pi. 
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1. Introduction 
Glutathione S-transferases (GST) belong to the group of 
phase 11 metabolic enzymes. The main function of GST is 
catalysing the conjugation of a broad spectrum of elec- 
trophihc xenobiotics to the endogenous nucleophilic glu- 
tathione (GSH) [1]. This conjugation is the first step in the 
me~'capturic a id biosynthesis, which can lead to detoxifi- 
Abbreviations: BSA, bovine serum albumin: CDNB. I-chloro-2.4-di- 
nitrobenzene; DCNB. 1,2-dichloro-4-nitrobenzene; FCS. fetal calf serum: 
GSH. glutathione: GST. giutathione S-transt~rase: NEM. N-ethylmalei- 
mide; p-NBC, p-m~robenzyl ch oride. 
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cation. In addition to this function the GSTs can also act as 
peroxidases (class alpha) and as binding proteins (i.e., 
non-substrate ligands) [2]. 
In human and rat organs the GST activity is the highest 
in the liver followed by the kidney [3,4]. GSTs are multi- 
functional proteins which can be microsomal [5] or cytoso- 
lic. The cytosolic dimeric isoenzymes are classified in 4 
classes: alpha, mu, pi and them, distinguishable by physi- 
cal, chemical, immunological, enzymatic and structural 
properties [6,7]. Different isoenzymes were observed within 
the GST classes. 
Since ncphrotoxicity of chemicals and drugs depends on 
the biotransformation capacity, it is of major importance to 
identify the GST isoenzymes and classes in the kidney. In 
human kidneys, the major portion of GST protein and 
activity accounts for the alpha-class GSTs, but pi and mu 
94 
class GSTs are also present in substantial amounts [8]. 
Localization within the nephron showed GST alpha in the, 
proximal tubule and GST pi and mu in the distal tubule [9], 
a comparable distribution was observed for the rat [I0]. 
Pharmacological nd toxicological investigations are 
frequently performed on the dog, but nothing is known 
about he GST distribution in the dog kidney, although the 
GST pattern in dog liver and lens has already been studied. 
Dog liver revealed 6 different isoenzymes belongii~g to 
classes alpha, mu and pi [I 1,12]. A class alpha and a class 
pi isoenzyme were found in dog lens [13]. 
Legislation restricts animal testing more and more, re- 
sulting in the need for in vitro replacement methods uch 
as established cell lines. MDCK cells are one of the most 
frequently used permanent cell lines in renal studies, how- 
ever, dealing with the loss of in vivo characteristics [14]. 
Since the toxicity of nephrotoxins can depend on phase I
and phase II metabolism, an in vitro model has only 
scientific and practical value if its biotransformation capac- 
ity remains close to the in vivo situation. 
The aim of our study w~s to evaluate a renal cell line 
(MDCK) as an in vitro nephrotoxicity model. We therefore 
c,,. lpared the GST isoenzyme pattern in MDCK cells with 
the pattern in the dog kidney. 
2. Materials and methods 
2.1, Materials 
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phosphate (pH 7.0). 1 mM EDTA, 250 mM sucrose was 
prepared in a Warring blender. The homogenate was ultra- 
centrifuged (100000 × g for I h) and the clear supernatant 
was used as the cytosol br further purification. 
MDCK cells were cultivated in Dulbecco's modified 
Eagle's medium supplemented with 10ck fetal calf serum. 
The cells ~ere harvested by trypsimzation. A 25% (w/v) 
homogenate was prepared in 22 mM sodium phosphate 
(pH 7.0), I mM EDTA, 250 mM sucrose, using a motor- 
driven Potter-Elvehjem homogenizer at 1500 rpm. The 
homogenate was ultracentrifuged (100000 × g for I h). 
The supernatant was used for further purification. 
2.3. Purification of  MDCK and dog kidney c3'tosolic GST 
isoenzymes 
The purification procedure of the GST isoenzymes is 
summarized in Scheme I: 
Glutathione (GSH) and p-nitrobenzyl chloride (p-NBC) 
were obtained from Janssen Chimica (Beerse, Belgium), 
bovine serum albumin (BSA) from Boehringer (Man- 
nheim, Germany), Dulbecco's modified Eagle's medium 
(DMEM) from Gibco (Paisley, UK) and fetal calf serum 
(FCS) from SEBAK (Aidenbach, Germany). Epoxy- 
activated Sepharose 6B, Polybuffer exchanger 94, Poly- 
buffer 74, PD-10 columns containing 10 ml Sephadex 
G-25, ExcelGel SDS 12.5%, buffet-strips and nitrocellu- 
lose membranes came from Pharmacia (Uppsala, Sweden). 
Amicon (Danvers, MA. USA) furnished the YM-30 ultra- 
filtration membranes. A Bradford protein determination kit 
was used from Bio-Rad (Mtinchen, Germany). Antibodies 
against human GST alpha, mu and pi were purchased from 
Biotrin (Dublin, Ireland), the ABC complex from DAKO 
(Denmark) and biotinylated secondary goat anti-rabbit an- 
tibodies from Jackson. Ethacrynic acid, N-ethylmaleimide 
(NEM) and hematin came from Sigma (St. Louis, USA). 
l-chloro-2,4-dinitrobenzene (CDNB), 1,2-dichloro-4- 
nitrohenzene (DCNB) and triphenyltin chloride were ob- 
tained from Merck (Darmstadt, Germany). Cibacron blue 
is a product from Fluka (Buchs, Switzerland). 
2.2. Animals and cells 
Adult male beagle dogs were used. The kidneys were 
removed and a 25% (w/v) homogenate in 22 mM sodium 
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The clear super'natant was applied :o a CS.LI affinity 
column (I.6 × 12 era) [15]. The column was eluted with 
22 mM sodium phosphate (pH 7.0), until no absorbance at 
280 nm. The hound GST was eluted with 15 mM GSH in 
50 mM Tris-HCI buffer (pH 9.6). The remaining proteins 
were removed with 3 M NaCI. It is worth noting that 43% 
of the dog and 84% of the MDCK GST activity towards 
CDNB was recovered in the affinity flow through fraction. 
Both the affinity-bound and the flow-through GST frac- 
tions were pooled and concentrated to2.5 ml by ultrafiltra- 
tion on an Amicon YM-30 membrane. 
A PD t0 column was used to equilibrate the affinity- 
bound GST with 25 mM imidazole-HCl (pH 7.4). The 
sample was applied to a Polybuffer exchanger 94 column 
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(I .0 × 35 cm) equilibrated with the same buffer. The 
column was eluted with Polybuffer 74, diluted i /16  and 
adjusted to pH 4.0 with HCI. The pH was monitored with 
a Pharmacia pparatus. 
The flow through GST fraction was pooled, concen- 
trated, equilibrated with the start buffer (10 mM Tris-HCI. 
pH 8.0), and applied to a Sephadex G- 100 column (2.6 × 40 
cm) equilibrated with 10 mM Tris-HCI (pH 8.0). The 
fractions with GST activity were pooled, concentrated and 
applied to a DE-52 (Whatmann) column (2.6 × 40 cm), 
equilibrated with 10 mM Tris-HCI (pH 8.0). GST activity 
was eluted with 200 ml of a 0-200 mM NaCI gradient. 
The GST fractions were collected, concentrated, equili- 
brated with 25 mM imidazole-HCl (pH 7.4) and applied to 
a Polybuffer exchanger 94 column (1.0 × 35 cm) equili- 
brated with 25 mM imidazole-HCI buffer (pH 7.4). GST 
activity was eluted with Polybuffer 74-HCI, diluted 1/16 
and adjusted to pH 4.0 with HCI. 
2.4. Determination ~f  the GST actit'ity 
The GST activity was determined according to the 
method of Habig et al. [16] using GSH and c-_'DNB in a 
final concentration of I mM in 2 ml 100 mM Sorensen 
phosphate buffer (pH 6.5). Specific activity is expressed in 
nmol /min /mg protein, the proteins being measured by 
the Bradford [17] method with BSA as the standard. 
2.5. Characterization ~f  the GST isoenzymes 
GST isoenzymes were characterised by the determina- 
tion of the kinetic properties, specific inhibitors, specific 
substrates, subunit composition and immunological fea- 
tures. 
95 
2.6. Kinetic pr,,perties 
Kinetic properties were examined measuring the initial 
velocities of GST at a fixed concentration of one substrate 
GSH (or CDNB) and a varying concentration (0.25 to I 
mM) of the other substrate CDNB (or GSH). Kinetic 
properties were analyzed by Lineweaver-Burk plots. The 
correlation coefficient calculated by linear regression anal- 
ysis was always higher than 0.98. 
2.7. Speci[ic inhibitors and substrates 
2. Z 1. hlhihitors 
lnhibitors included in the characterization study were: 
triphenyltin chloride, hematin and cibacron blue [18]. The 
inhibition was quantified in the 15,~ value. This is the 
concentration of inhibitor resulting in 50% inhibition of 
the enzyme activity assayed at pH 6.5. with I mM CDNB 
and 1 mM GSH as substrates. NEM [19] was used as a 
class pi inhibitor. GST was incubated with an equal vol- 
ume of NEM (100 mM Tris-HCI, pH 7.8). After 10 rain, 
200 /.tl aliquots of the mixture were removed and assayed 
for GST activity. 
2.7.2. Substrates 
Specific activities towards different substrates were as- 
sayed according to Habig et al. [19]. GSH was used as the 
second substrate. Substrates included in the study were 
p-NBC, DCNB, CDNB and ethacrynic acid. 
2.8. SDS-polyaco' lamide gel electrophoresis 
Horizontal electrophoresis was performed as described 
by Laemmli [20] on the Multiphor il System (Pharmacia). 
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Fig. I. Elution of both dog kidney (X} and MDCK tY) GST activity from a GStl-epox) acti',atcd Sepharose affinity column. A: sta,l of the elution of the 
GST. B: regeneration of the column with NaCI. 
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ExcelGel SDS 12.5% polyacrylamide gels. and bufferstrips 
were used. Proteit)s were visualized by silver staining. 
2.9. hnmunohh3tting analysis 
Proteins were separated on an ExcelGel SDS 12.5% 
polyacrylamide gel by the method of Laemmli [20], and 
subsequently transferred to a nitrocellulose membrane. The 
Novablot system of Pharmacia was used for the protein 
transfer. All incubations were performed at 20°C with 
intermediate rinses in PBS. Non-specific binding was 
blocked by 3% BSA and 0.02% sodium azide in PBS. The 
nitrocellulose papers were incubated overnight with rabbit 
antisera (Biotrin) raised against human class alpha (I/400). 
mu (1/200) and pi (1/400) GST. Antisera were diluted in 
PBS containing 3% BSA and 0.02% azide. Thereafter 
nitrocellulose membranes were washed and incubated (4 h) 
with a secondaly goat anti-rabbit IgG (Jackson), diluted 
1/50 000 in PBS with 3% BSA and 0.02% sodium azide. 
The membranes were finally incubated for 2 h with an 
avidin-biotin-alkaline phosphatase conjugate (ABC com- 
plex, Dako). Colour development was produced using 
5-bromo-4-chloro-3-indolylphosphate-p-toluidine and ni- 
troblue tetrazolium chloride as insoluble substrates. 
3.  Resu l t s  
3.1. Pur(fication of the dog and MDCK GST isoenzymes 
40 g dog kidney or 24 g MDCK cells were used to 
prepare the cytosol (spec. act. of 248 4- 152 or of 317 
nmol/min/mg protein for dog and MDCK, respectively). 
The GST activity was partially enriched on a GSH affinity 
matrix consisting of epoxy activated Sepharose (Fig. 1). A 
high percentage (43% for the dog kidney and 84% for the 
MDCK cells) of the GST activity towards CDNB did not 
bind to the affinity matrix. 
The affinity purified GST wa~ fitrther separated into 
different isoenzymes by anionic chromatofocusing (Fig. 2), 
revealing 6 dog kidney and 3 MDCR isoenzymes. The dog 
and MDCK chromatofocusing profiles were strongly com- 
parable. Based on the chromatofocusing profiles, we as- 
sumed that DII corresponds to MI, DIV to MII and DV1 to 
Mill. The three major dog (DI1, DIV and DVI) and 
MDCK isoenzymes (MI, MII and Mill) were compared by 
studying physico-chemical properties, specific inhibitors 
and substrates. 
The flow-through fraction of the affinity step of dog 
and MDCK was pooled and concentrated, and the GST 
isocazyme was purified by gel filtration, anion exchange 
chromatography (DE52) (Fig. 3) and anionic chromato- 
focusing (Fig. 4). The dog and MDCK GST eluted at the 
same molecular weight on the Sephadex G-100 column. A 
NaCI concentration of 60 mM was necessary to elute the 
dog and MDCK GST activity on a DE52 column. Anionic 
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Fig. 2. Anionic chromatofocusing of both the affinity-hound dog (X) 
kidney and MDCK (Y) GST activity on a Polybuffer exchanger 94 
column. 
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Fig. 3. Anion exchanger (DE52) chromatography of both the dog (X) 
kidney and MDCK (Y) flow-through GST activity. 
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Table 1 
Purification of the dog kidney and MDCK flow-through fraction 
Volume Total Total Yield Spec. act. Enricheme~: 
(roll protein acti','ity (nmol/min/mg 
(mg/ml)  (nmol/min/ml) proteini 
Dog 
GSH-affinity flow through 3.5 59.7 12 16{) 100 204 I 
Sephadex G- 100 3.5 54.6 12 263 l It I 225 I. I 
DE 52 3.5 1.2 11 810 t~7 9842 48 
anionic chromatofec 3.5 0.049 I 612 I ~, 32 898 161 
MDCK 
GSH-affinity flow through 3.5 35.5 1 I 252 10() 317 I 
Sephadex G-100 3.5 23.8 12424 110 522 1.6 
DE 52 3.5 1.5 l-!. 489 ! 29 9659 30 
anionic chromatofoc 3.5 0.023 ] 203 I I 52 304 165 
Table 2 
Physico-chemical properties, sensiti',.ities towards specific mhibitors and specific acti'~itie~, towards different substrates 
GST isoenzymes 
Dog DI DII Dill DIV DV DVI 
Physico-chemical propertiex 
pl  4.43 4.63 5.91 6.23 6.92 6.88 
Specific activity 70 474 19 (149 24 084 16 601 8 035 13 074 
K m towards CDNB 1.74 1.95 5.41 0.270 1.77 17.61 
K m towards GSH 0.173 0.203 0.213 0.128 0.102 0.125 
Subunit 25 700 25 700 25 700 25 700 25 700 25 700 
27 300 
Specific inhibitors ((~o t'alue in IzM] 
N-ethylmaleimide 15.54 127 3.32 6.05 0.96 1445 
Triphenyltin chloride 234 4.42 3.77 4.27 2.47 0.34 
Cibacron blue 0.012 0.009 0.008 0.007 0.019 0.06 
Hematin 8.19 4.91 2.93 8.84 1.25 1.88 
Specific substrates 
p-nitrobenzyl chloride 870 nd nd240 297 nd nd 
1,2-dichloro-4-dinit robenzene nd nd 7 nd 105 
I-chloro-2,4-dinitrobenzene 25 321 29 660 2712 39 283 3 067 1813 
ethacrynic acid 1653 2121 91 1393 706 105 
Ph)~ico-chemical properties 
pl  4.29 96.08 7.55 
Specific activity 30 002 23 969 13 889 
K m towards CDNB 6998 15.60 0.171 
K m towards GSH 0.255 0.220 0.230 
Subunit 25 700 25 700 25 700 
Specific inhibitors 
N-ethylmaleimide 287 6.92 2000 
Triphenyltin chloride 1.91 3.33 0.044 
Cibacron blue 0.012 0.008 0.7 
Hematin t 3.28 4.65 0.15 
Specific substrates 
p-nitrobenzyl chloride nd 93 nd 
1,2-dichloro.4-dinit robenzene nd 21 43 I 
1 -chloro-2.4-dinitrobenzene 10 169 35 669 1719 
ethacrynic acid 1222 1916 nd 
Specific activity in nmol /min/mg protein, g m in raM. subunit in Da. The 15o is the concentration of inhibitor giving 50% inhibition of the enzyme 
acitivity, measured with I mM glutathione and CDNB. 
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Fig. 4. Anionic chromatofocusing of both the dog (X) kidney and MDCK 
(Y )  flow-through GST activity on a Polybuffer exchanger 94 column. 
chromatofocusing showed a single isoenzyme with a nearly 
neutral isoelectric point. Yield. specific activity and en- 
richment after each purification step are shown in Table I. 
3.2. Kinetic properties, molecular weight and isoelectric 
point 
The physico-chemical properties of the affinity-bound 
GST are summarized in Table 2 and those of the flow- 
through GST in Table 3. All GST isoenzymes were studied 
by anionic chromatofocusing and consequently had an 
acidic or nearly neutral isoelectric point (pl) .  The isoen- 
zymes were numbered on the basis of their ascending p l  
value, i.e., according to their inverse elution order. For the 
dog isoenzymes the following ranking was made: DI at p l  
4.43; DII at p /4 .63 :  Dill at p l  5.91; DIV at p l  6.23: DV 
at p l  6.92 and DVI at p l  6.88. MDCK isoenzymes were 
named as followed: MI at p l  4.29; MII at p l  6.08 and 
Mill a! p l  7.55. 
g m values (mM) were determined by Lineweaver-Burk 
plot analysis. GSTs (6 for dog and 3 for MDCK) purified 
by affinity chromatography generally had a higher affinity 
towards GSH, whereas the flow-through GST had a higher 
affinity towards CDNB. 
SDS-PAGE showed that most dog and all MDCK affin- 
ity-bound isoenzymes were homodimers with a molecular 
mass of 25 700 Da. DVI was a heterradimer with subunits 
of 25 700 and 27 300 Da. The SDS-polyacrylamide g l 
Table 3 
Physico-chemical haracteristics, nhibilinn parameters and specific activ- 
ities of the purifie ,~ flow-through dog and MDCK isoenzynte 
GST isoenzymes 
Dog MDCK 
Phv;ico-chenzica/ characteristics 
p/ 5.7 6.04 
Spec. act. (nmol/min/mg protein) 32898 52304 
K., towards CDNB (mM) 0. I Ifi 0.269 
K.. towards GSH (raM) 1.912 0.645 
Subunit (D~) 26500 25700 
Spec~[~c inhihito~ 
(I~,~ in ~M) 
N-ethylmaleimidc 0.21 750 
Triphenyltin chloride 3.91 2.79 
Cibacron blue 0.032 0.008 
Hematin 0.21 0.15 
Specific sul,strate~ 
(Spec. act. in nmol/min/mg protein) 
p-nitrobenzyl chloride ( class mu) 18 I
1.2-dichloro-4-nitrobenzene (class mn) 2993 
I -chloro-2.4-dinitrobenzene 12 747 
ethacrynic a id (class pi) nd 
specific activity in nmol/min/mg protein. K m in raM. subunit - 
The 1~4 ~is the concentration f inhibitor giving 50% inhibition of enzyme 
activity, measured with I mM glutathione and CDNB. 
electrophoresis patterns are shown in Fig. 5 (dog) and Fig. 
6 (MDCK). Co-electrophoresis of the corresponding DII- 
MI and DIV-MII showed one single band, indicating the 
same molecular weight. The purified flow-through GST is 
homodimeric, with molecular mass of 26500 (dog) and 
25 700 (MDCK) Da. 
3.3. Spec(fic h~hibitors and substrates 
The inhibition parameters (I50 /.tM) for dog and MDCK 
affinity bound and flow-through GST are given in Tables 2 
and 3, respectively. Inhibition is expressed in the I~o value, 
h = ~ - a 
'!~:C 
1 2 3 4 5 6 7 8 
Fig. 5. SDS-polyacrylamide gel electrophoresis of dog kidney GSTs. The 
proteins are visualised by silver staining. Molecular weight standards are 
(lanes I and 8): phosphorylase b (94(F30), albumin (67000). ovalbumin 
(43000). carbonic anhydrase (30000). trypsin inhibitor (20100) and 
a-lactalbumin ( 144PAll. Rat liver GST was also used as standard (lane 2 
and 7) with MW: 28000. 26500 and 25000. lane 3: DIV. lane 4: Dill. 
lane 5: DII, lane 6: DI. 
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Fig. 6. SDS-polyacrylamide gelelectrophorc~i~, of MDCK GST~. "She 
proteins are visualised by silver staining. Molec liar ~.eight ~tandard, ale 
(lanes I and 9): phosphorylase b (94000). albumin (671XX)). o~albumin 
(43000I. carbonic anhydrase (30000). trypsin inhibitor (20 I(X)) and 
¢¢-Iactalbumin (14400). Rat liver GST was also used a', ~tandard (lane, 2 
and g) with MWs: 2~000. 26500 and 250(~). lane 3: MI. lane Z: MII. 
lane 6: Mill. lane 7: MDCK not bonnd. 
which is the concentration of inhibitor resulting in 50c,; 
inhibition of the GST activity. DI. DII. Dill. DIV. DV. and 
the corresponding MI, MII MDCK isoenzymes howed a 
high sensitivity towards N-ethylmaleimide and cibacroo 
blue and a low sensitivity towards triphenyltin chloride 
and hematin. DVI and the corresponding Mill isoenzynle 
were only poorly inhibited by NEM. DVI and Mill ~ere 
sensitive towards cibacron blue and triphenyltin chloride. 
The 150 values fo, the dog and MDCK flow through GST 
were similar for triphenyltin chloride, cibacron blue and 
hematin. The dog flow through isoenzyme was highly 
sensitive towards N-ethylmaleimide in comrast with 
MDCK GST. 
Specific activities towards different substrates are sum- 
marized in Table 2 (affinity bound GST) and Table 3 (flow 
through GST). CDNB was used as the universal substrate. 
Nearly all GSTs (except Mill and the flow-through MDCK 
GST) were active with the class pi substrate thacrynic 
acid. Activity with the class mu substrates p-NBC and 
DCNB was also observed, although less generzl and mt!:.h 
lower. Flow-through MDCK GST showed a high activity 
towards DCNB. The unpurified affinity flow-through frac-. 
tion of the dog kidney also showed a high activity towards 
DCNB (results not shown). 
3.4. bnmunological characterisation 
Immunoblot analysis of the affinity purified dog GST 
showed the presence of class mu and pi antigens (results 
not shown). Immunoblot of the different isoenzymes indi- 
cated that DI, DII and DIV belonged to class pi (Fig. 7). 
We were not able to visualize Dill. DV and DVI. Im- 
munoblot analysis of the MDCK cytosol showed the pres- 
ence of class pi and mu antigens (results not shown). MI 
and MII stained with anti-GST pi antibodies in im- 
99 
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Fig. 7 Immunobh,i analysi., of dog kidney GST isoenzymes. Antibodies 
rai,cd a~ain,t htlnian class alpha, mu and pi v,.ere used as primal' 
antbod~.. [.ant I: rat liver GST. lane 2: DI. lane 3: DII. lane 4: Dill. lane 
5: DIV and lane 6: DV. lane 7: DVI. 
(Fig. 8). The purified flow through GST did not stain with 
any c,f the antibodies used. 
3.5. hlenti/h'atio~t t~t" the dog and MDCK GST isoenzymes 
inhibitor sensitivities and substrate specificities can be 
used to distinguish different isoenzymes and to classify 
them into different classes [6]. Class alpha is noted for a 
low I,,, value fl~r hematin and a high value for cibacron 
blue. Class mu and pi have a high 15n value for hematin 
and a low value for cibacron blue. The low 15n values for 
triphenyltin chloride distinguishes class mu from class pi 
[6]. N-ethylmaleimide is a specific inhibitor for class pi 
isoenzymes [19]. CDNB is considered as the universal 
substrate, p-Nitrobenzyl chloride (p-NBC) and 1.2-di- 
chloro-4-nitrobenzene (DCNB) are typical class mu sub- 
strafes. Class pi isoenzymes are active with ethacrynic acid 
[6]. 
The isoenzymes D1 to DV showed a high sensitivity 
towards N-ethylmaleimide and cibacron blue and a low 
sermttivity towards triphenyltin chloride and hematin. The 
inhibitor sensitivities in combination with a high specific 
activily towards ethacrynic acid indicate that these en- 
Ct 
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Fig. S. Imn~unohlot anal)~is of MDCK GST i~,oenzxme~;, Antibodies 
rai,,cd a,gainst human class alpha, mu and pi were used as primary 
munoblot. Mill did not react with any of the antibodies anlhod). Lane I: ral liver GST. lane 2: MI. lane 3: MII. lane 4: Mill. 
zymes belong to class pi. Inhibitor and substrate results 
were confirmed by immunoblot analysis in which the 
isoenzymes DI. DII and DIV cross-reacted with antibodies 
raised against human pi antigens. The MDCK isoenzymes 
M1 and MII showed the same inhibitor and substrate 
sensitivities as the isoenzymes D1 to DIV, indicating they 
belong to class pi. MI and MII cross-reacted in im- 
munoblot with antibodies raised against human pi. Based 
on inhibitor and substrate specificities, DVI and Mill 
belonged to class mu, DVI and MIll did not cross-react 
with any of the antibodies raised against alpha, mu or pi. 
This was probably due to the low protein content. On the 
basis of physico-chemical characteristics and the results 
with specific inhibitors and substrates, we assume that the 
following isoenzymes correspond to one another DII and 
MI. DIV and MII and DVI and Mill. 
Dog kidney attd MDCK flow-through GST were 
strongly and comparably sensitive towards triphenyltin 
chloride, cibacron blue and hematin. Although dog kidney 
flow-through GST was strongly inhibited by NEM. this 
was not observed for MDCK GST. The flow-through GST 
was active with the class mu substrate DCNB, as was 
observed for dog liver [12]. Based on these results we were 
not able to classify the flow-through GST. 
4. Discussion 
Affinity chromatography as been commonly used for 
the purification of GSTs from different sources. Dog kid- 
ney and MDCK (an established og cell line of distal 
tubular and collecting duct origin) GST isoenzymes were 
purified and separated by affinity chromatography fol- 
lowed by anionic chromatofocusing. The majority of the 
isoenzymes did bind to the GSH-epoxy-activated Sepharose 
affinity matrix, although a substantial moun of the GST 
activity towards CDNB (43% for dog and 84% for MDCK) 
was found in the flow-through fraction. Purification showed 
7 dog kidney and 4 MDCK GST isoenzymes with an 
acidic or nearly neutral isoelectric point. GST isoenzymes 
were studied in dog lens [13] and dog liver [I i.12] reveal- 
ing 2 and 6 isoenzymes, respectively. 13% of the dog lens 
and 30ok of the dog liver GST activity was recovered in 
the flow-through fraction. 
Because some GST activity failed to bind to the affinity 
column, the flow-through fraction had to be purified. This 
flow-through fraction was purified by gel filtration, anion 
exchange chromatography (DE 52) and anionic chromato- 
focusing, revealing one isoenzyme for both dog and 
MDCK. A comparable purification procedure was used 
earlier to purify the dog liver flow-through GST [12]. Both 
dog and MDCK isoenzyme luted at the same molecular 
weight (gel filtration), at the same NaCI (60 raM) concen- 
tration (anion exchanger) and at a nearly neutral pH 
(anionic chromatofocusing). A high enrichment but a rather 
low yield is observed after anionic chromatofocusing. Both 
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yield and enrichment are comparable to those observed for 
dog liver GST [12] and human kidney GST [21]. 
Rat liver GST 5-5 and I-1 did not bind or bound less 
tightly to the S-hexylglutathione affinity matrix [22]. GST 
5-5 was later characterized as a class theta isoenzyme [7]. 
lgarashi et al. [12] compared the dog liver flow-through 
GST and the theta class isoenzyme GST 5-5. GST 5-5 is 
characterized b~, a high peroxidase activity and an ex- 
tremely low activity with CDNB. The flow-through frac- 
tion of dog liver GST, dog kidney GST and MDCK GST, 
on the contrary, possesses a high activity towards DCNB 
and CDNB. Moreover, antiserum raised against class theta 
enzymes did not cross-react with the dog liver How-through 
enzyme [12]. 
Dog kidney isoenzyme patterns are strongly repro- 
ducible (results not shown), as observed for three indepen- 
dent GST isoenzyme isolations of male Beagle kidney. 
G•T isoenzyme patterns of human and rat kidney are not 
reproducible. Three to szven different i ~,, nzymes could be 
observed in the human kidney, depending on the individual 
studied [21]. Rat renal cytosol purified by isoelectric focus- 
ing [23] or affinity chromatography [24] showed three 
major peaks of transferase activity. Guthenberg et al. [25] 
observed 5 different rat kidney isoenzymes after cationic 
chromatofocusing. 
SDS-PAGE showed a molecular weight for both dog 
and MDCK GST between 25700 and 27300. The corre- 
sponding dog and MDCK isoenzymes (DII-MI and DIV- 
MID co-electrophoresed at the same molecular weight. 
Adult dog liver has four GST subunits with comparable 
molecular weights [I 1,12]. Dog lens subunits have lower 
molecular weights [13]. 
Biochemical and immunological characteristics of the 
dog and MDCK isoenzymes were compared. Based on 
chromatofocusing profiles of both dog and MDCK isoen- 
zymes, we conclude that Dil corresponds to MI, DIV to 
MI! and DVI to Mill. This was confirmed by the compara- 
ble pl values. Co-electropholesis of the corresponding 
DII-M1 and D1V-MIi showed de. ~. single band, indicating 
the same molecular weight. The isoenzymes DII-M! and 
DIV-Mll showed both high sensitivities towards N-ethyl- 
maleimide and cibacron blue, and a low sensitivity towards 
triphenyltin chloride and hematin (Table 2). DVI and the 
corresponding Mill isoenzyme were only poorly inhibited 
by NEM, but were very sensitive towards cibacron blue 
and triphenyltin chloride. Substrate sensitivities howed 
that DiI-MI and DIV-MII displayed a high activity to- 
wards ethacrynic acid. DV! and Mill on the other hand 
showed a higher activity towards 1,2-dichloro-4-nitroben- 
zene (Table 2). Identification by immunoblot showed that 
DII and DIV, as well as the corresponding MI and MI! 
belong to class pi (Figs. 7 and 8). 
Chromatofocusing of the affinity purified fraction re- 
vealed 3 MDCK GST isoenzymes and 5 dog kidney GST 
isoenzymes. MDCK cells are of distal tubular and collect- 
ing duct origin, only representing a fraction of the dog 
H.H. Bohets et aL / Bio¢llitnica et 
kidney. This can possibly explain some of  the differences 
observed. On the other hand, the detoxification capacity of 
the kidney in many species is mainly found in the proxi- 
mal and distal tubules as shown by immunohistochcmistry 
[9,10]. MDCK cells are, therefore, a relevant model to 
compare with the kidney. 
The GST  pattern in MDCK cells, in fact. strongly 
resembles the dog kidney GST  pattern. Dog and MDCK 
flow-through GST  and DIV-MII .  the two major isoen- 
zymes in dog and MDCK,  do correspond to one another. 
Three additional minor GST  isoenzymes were not found in 
the MDCK cells, but they only represent 15% of the 
affinity bound GST  proteins in the dog kidney. 
The affinity bound dog kidney and MDCK GSTs be- 
long to class pi and mu, whereas class pi is dominating. A
pi class isoenzyme is also the dominating isoenzyme in the 
two monkey kidney derived cell lines Vero and LLC-MK2 
[26]. Human [2 I] and rat [25] kidney possess, in contrast o 
the dog kidney, the three GST  classes: alpha, mu and pi. 
On the other hand the GST  isoenzyme pattern and 
enzymatic characteristics of  dog kidney and MDCK are 
strongly comparable. Inhibitor, substrate and immuno- 
logical studies showed that all affinity-bound dog and 
MDCK isoenzymes belong to class pi and mu. The How- 
through fraction was characterized, but we were not able to 
assign the f low-through enzyme to a GST  class. The strong 
similarity of  the GST  isoenzyme composit ion between the 
organ in vivo and the cells in vitro makes the MDCK cells 
a good tool to study phase II metabol ism in vitro. 
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